Abstract: As a result of an interest in natural derived metabolites, lignicolous fungi have taken on great importance in biochemical investigations.
Introduction
Traditional Chinese and Japanese healers [1, 2] have respected the world of fungi for centuries and used lignicolous macrofungi not only for food, but in particular to cure people. However, for a long time, western culture acknowledged only the nutritional and culinary values of some mushroom species [3] . Nevertheless, investigators around the world have recently become aware of their medicinal qualites and significant biological activities, including antimicrobial [4] [5] [6] , antioxidative [7] [8] [9] , antiinflammatory and antitumor [10] , cardiovascular [11] , antiparasitic, hepatoprotective and antidiabetic [12] [13] [14] . There are a great many medicines in the world based on bioactive compounds isolated from extracts of mushrooom sporocarps or mycelium [1] , and specific mixtures of these extracts have been used to enhance immunity and stabilaze convalescence [15] . Lignicolous (wood-decaying) fungi, mostly belonging to the Polyporaceae family, express significant biological effects [16] . Furthermore, they are easily noticed, collected and recognized in the field, and their secondary metabolites can be easily identified and extracted [17] . It has been found that secondary biomolecules from fungi are very divergent in structure and play no essential role in growth and reproduction of organisms, but probably have a function either as constantly formed new products in biochemical evolution of a species ensuring its survival or as agents of an indirect mechanism in its differentiation. The presence of these compounds in fungi is genetically determined, but also varies as a function of ecological factors and the growth stage of those organisms. The fungal metabolites of fruiting bodies frequently differ from those of mycelia of submerged cultures or fermentation broth [18] . Moreover, biogenetic pathways are rather dependent on their habitats or geographic origin; the chemical composition and biological activity of fungal species significantly rely on the strains and sites (substrates) of the fruiting body production [17] . The level of phenolic antioxidants seems to be very much dependent on the location and on whether the species has been exposed to stress conditions [19] . With regard to this, more geographical regions and more habitats should be analyzed.
Among the analyzed fungi, medicinal fungal species G. lucidum and G. applanatum are reported to contain β-glucans, acid heteroglucans and chitin xiloglucans, but also highly-oxidated triterpenoids of lanostan type (ganoderic acid, ganodeneric acid, ganolucidic acid and lucidenic acid) as active substances which have a molecular structure similar to steroid hormones [20] . G. lucidum is a source of biologically active polysaccharides with presumed medicinal properties, and it also contains ergosterol, coumarin, mannitol, lactones, alkaloids, unsaturated fatty acids, vitamins and minerals. The edible species M. giganteus is the one that is not commercially used nowadays, unlike the edible species F. velutipes, which is well known as a medicinal mushroom [20, 21] that contains β-glucan proteins: EA 6 , EA 6 -PII, and glycoprotein-proflamin in the submerged mycelial biomass. However, the methanol extract from this mushroom has been shown to be significantly cytotoxic to the mouse cancer cell lines 3LL [22] .
Since antioxidant activities have significant therapeutic effects, these fungal species could be used in therapy of variety of disease states, in healthy nutrition as sources of naturally-derived antioxidants or in the food and pharmaceutical industries.
A lack of investigations dealing with antioxidative potential of wild-growing fungal species in Balcan region, including Serbia, has instigated us to examine the antioxidative activity of autochthonous species using biochemical tests in vitro. Four lignicolous fungal species widely distributed on the area of Frushka Gora low mountain chain in northern Serbia were analyzed: Ganoderma lucidum (Curt. ex Fr.) Karst 
Experimental Procedures

Sampling of macrofungi
Wild-growing sporocarps were collected from two sites on the Frushka Gora low mountain chain except F. velutipes (Table 1) . Voucher specimens were identified according to the methods of classical herbarium taxonomy [23, 24] and deposited in Herbarium Laboratory of the Department of Microbiology (University of Novi Sad), together with mycelia isolated and stored at 4ºC for further use. The samples were brush-cleaned of attached soil, air-dried to constant mass, and pulverized to a fine powder that was stored in glass bottles within paper sample bags in the dark at room temperature in desiccators over CaSO 4 prior to analysis. The complete names of investigated species, their geographical origin, natural habitats and utility are presented in Table 1 .
Extraction
Ten grams (10 g) of dried and pulverized fungal sporocarps were macerated with 200-250 ml cold water or organic solvent in order to get aqueous, methanol (MeOH) and chloroform (CHCl 3 ) extracts. The extract was filtered and the solvent in the obtained supernatant was evaporated under reduced pressure. The obtained residues were weighed and redissolved in MeOH and CHCl 3 to a concentration of 10% and stored for further analysis.
Chemicals
Trichloracetic acid (TCA), 2-thiobarbituric acid (TBA), ethylene diamine-tetraacetic acid disodium salt dihydrate (EDTA), ascorbic acid and 1,1-diphenyl-2-pycryl-hydrazyl were from Sigma Co. (St. Louis, Mo, USA). Folin-Ciocalteu (FC) reagent was purchased from Merck (Germany). All other chemicals and reagents were of analytical grade.
Screening on chemical composition
The infusion was prepared from 10 g of dried and pulverized fungal material which was poured into boiling distilled water and left for 15 min. The solution was filtrated and the filtrate was used in subsequent analysis. Screening of components in fungal material was done according to the scientific evidence reactions [25] . 
Thin layer chromatography (TLC) of crude extracts
Antioxidative activity examination of fungal extracts
This examination was performed by lipid peroxidation (LP) determination in liposomes, OH radical (OH • ) production in the Fenton reaction, and by the DPPH radical (DPPH • ) scavenging method.
Determination of LP inhibition in liposomes
The extent of LP was determined by measuring the pink pigment [27] produced in the reaction of 2-thiobarbituric acid (TBA) and malondyaldehide (MDA) as an oxidation product in the peroxidation of membrane lipids (TBAassay). A commercial preparation of liposomes "PRO-LIPO S" (Lucas-Meyer) with pH 5-7 was used as a model-system of biological membranes. Liposomes 225-250 nm in diameter were obtained by dissolving the commercial preparation in dematerialized water (1:10), in an ultrasonic bath [28] . In its final volume, the reaction mixture contained, 60μl of liposome suspension, 20 μl 0.01 M FeSO 4 , 20 μl 0.01 M ascorbic acid, and 20 μl of tested compounds dissolved in 2.88 ml 0.05M KH 2 PO 4 -K 2 HPO 4 buffer (pH 7.4) to start the peroxidation. The samples were incubated at 37°C for 1 h. Intensity of LP was measured using the reaction with TBA. 1.5 ml of TBA-reagent (10.4 ml 10% HClO 4 , 3 g TBA and 120 g 20% TCA dissolved in 800 ml dH 2 O) and 0.2 ml 0.1M EDTA were added and the tubes were heated on a boiling water bath for 20 min. After cooling, the reaction mixtures were centrifuged at 4000 rpm for 10 min. Absorbance was measured at 532 nm. The fungal extracts were tested in four concentrations -10%, 5%, 2.5% and 1.25% -against 0.5M BHT (synthetic antioxidant used as a positive control). All the reactions were carried out in triplicate. The percentage of LP inhibition was calculated using the following equation: I (%)=(A 0 -A 1 )/A 0 x 100 where A 0 was the absorbance of the control reaction (full reaction, without the test compound) and A 1 is absorbance in the presence of the inhibitor.
Determination of OH • neutralisation
The content of OH • was determined from the following reaction of 2-deoxyribose degradation. These radicals take an H atom from 2-deoxyribose, and the products formed react with the TBA reagent. The TBA reaction product was determined spectrofotometrically at 532 nm [29] . The reactive mixture contained the following: 0.125 ml of 2-deoxyribose, 0.125 ml of FeSO 4 (127 mg FeSO 4 x7H 2 O in 50 ml phosphate buffer, pH 7.4) and 10 μl of the tested compound. All samples analyzed were topped of with phosphate buffer to a final volume of 3 ml and incubated for 1 h at 37°C. The reaction was stopped by adding TBA reagent according to the procedure described in the previous paragraph. The intensity of scavenging activity of OH• was determined by the same equation:
I (%) = (A 0 -A 1 )/A 0 x 100
Measurement of radical scavenging activities by DPPH assay
The antioxidant activity of fungal extracts was determined by the DPPH • scavenging method [30] . The 1,1-diphenyl-2-pycryl-hydrazyl-radical (DPPH • ) is a stable free radical and has a dark violet colour in methanol extract. It has an absorption maximum at 517 nm (λ max = 517 nm) and the peak of the DPPH • shrinks in the presence of a hydrogen donor, i.e., a free radical-scavenging antioxidant. This is followed by a change of absorbance and disappearance of the solution's violet colour. The reaction mixture contained 1 ml of 90 μM DPPH
• -solution and 5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0 μl of fungal extract. All reactions were carried out in triplicate. The test tubes were filled with pure MeOH to 4 ml, incubated (60 min, 26°C) and absorbance was measured spectrophotometrically at 517 nm. The reactions were carried out in triplicate and recorded against tert-butylated hydroxytoluene-BHT (0.25 mol/dm 3 ) (Fluka AG; Buchs, Switzerland) and butylated hydroxyanisole-BHA (0.32 mol/dm 3 ) as a positive control ( Table 2 ). The percentage of scavenging activity was calculated by the same equation as for the LP inhibition: %RSC = 100-Au x 100/Ak, where RSC -the radical scavenging capacity, Auabsorbance of sample and Ak -absorbance of the control reaction. From these RSC values, IC 50 values (the concentration at which 50% of DPPH
• is neutralised) were calculated by applying regression analysis.
By applying the equation [31] n=∆A/(ε l C x ), where ∆A is the result of substitution of absorbance of DPPH • at 517 nm from the first and the last reaction, ε-molar coefficient of extinction of DPPH
• (1,25x10 -4 M -1 cm -1 ), l -cell length (cuvettes), and C x is the pure concentration of DPPH
• (90 μM)-we counted the hypothetical n number of electrons (H atoms) which was given to DPPH
• in process of its neutralisation. Species with the highest antiradical effect (Ganoderma) gave 15x10 -2 electrons (H atoms).
Results
Screening on chemical composition of fungal extracts
The obtained results of phytochemical "screening" of some classis of secondary biomolecules in fungal extracts (Table 3) showed that compounds from the classis of tannins and saponins were present in almost every fungal extract, while flavonoids and alkaloids were present in some of them (flavonoids in G. applanatum and alkaloids in the species G. lucidum and M. giganteus).
Thin layer chromatographic qualitative analysis of extracts
Thin-layer chromatographic qualitative analysis (TLC) revealed the presence of phenolic compounds in the analyzed fungal extracts, which can be seen on developed TL-chromatograms photographed under a UV-lamp at 366 nm (see Figure 1 ) and 254 nm. An intensive blue-fluorescent mark (Rf=0.43) was present in all extracts while two other fluorescent marks of lower intensity (Rf=0.29; Rf=0.34) were present in all extracts except sample 2. Since the fluorescence does not appear at UV-254 nm [32] , we presumed that phenols from classes of tannins, phenolic acids, phenyl propanoids or cumarins are dominant. However, in all extracts, the most intensive mark (R f =0.43) did not disappear at UV-254 nm, which indicates the presence of some other compounds. Sample 1 had an intensive blue fluorescent mark at the very beginning of chromatogram (R f =0), while in samples 2 and 3, two blue-fluorescent marks were near the eluent front (R f =0.99; R f =0.93).
From the TLC of MeOH and CHCl 3 extracts of sample 5 and 6 it could be assumed that they are rich in phenolic compounds. The main difference lies in the presence of less polar compounds (probably aglyca) in CHCl 3 extract (R f =0.51; R f =0.59; R f =0.99) and the greater amount of polar glycosides in MeOH extract (marks at the start). Methanol extract of G. lucidum had the most registered compounds on TLC; methanol extract of G. applanatum had the fewest.
Antioxidant effects of fungal extracts on LP inhibition
Preliminary antioxidant screening of lignicolous fungi for LP in liposomes showed that aqueous extracts have no inhibitory effect on LP but rather mostly stimulated LP in liposomes, in contrast to methanol (MeOH) and chloroform (CHCl 3 ) extracts. All of the examined MeOH extracts manifested a higher degree of LP inhibition than in CHCl 3 ones, the highest value being recorded in MeOH extract of G. applanatum (61.5%) and CHCl 3 of G. lucidum (38.38%) at 1.25% extract concentration ( Figure 2) . Most of the extracts exhibited inhibition higher than that of the synthetic antioxidant BHT.
Methanol extracts exerted inhibitory action on LP ranging from 14.49% (G. lucidum) to 39.67% (G. applanatum) for 10% MeOH extracts; from 37.99% (F. velutipes) to 44.18% (M. giganteus) for 5% MeOH extracts; from 41.77% (M. giganteus) to 57.72% (G. applanatum) for 2.5% MeOH extracts, and from 12.22% (F. velutipes) to 61.25% (G. applanatum) for 1.25% extracts (Figure 2 ). The most effective was 1.25% the MeOH extract of G. applanatum. The concentration of the extract needed for 50% inhibition (IC 50 ) was only 1 mg/ml. The lowest antioxidant effect in all samples was recorded with 10% extracts and the highest with 1.25% extracts (except in the case of F. velutipes), where the highest effect was obtained in a concentration of 
Fungal species
Determined compound Table 3 . Biochemical screening of determined compounds in fungal infusion.
A-Anthocyanins, La-Leucoanthocyanins, F-flavonoids, T-tannins, Alc-alkaloids, Hd-Hynon derivates, S-Saponin, St-Steroids, Cg-Cardiac glycosides, Ch-Cyanogenic heterosides, + detected, -not detected
2.5%, while all of them exerted stronger inhibitory action than that of the synthetic antioxidant BHT (37.04% inhibition). Chloroform extracts exerted maximum antioxidant action in concentrations of 1.25% for G. lucidum and 5% for M. giganteus. However, it is still lower than the antioxidant activity of 0.5M BHT (Figure 2 ). These results indicate that CHCl 3 extracts are poorer sources of antioxidants than MeOH.
Effect of fungal extracts on production of OH •
The inhibitory effect of the analyzed extracts on production of OH • generated in the system Fe 2+ /H 2 O 2 was such that none of them exerted antiradical action on OH
• , but MDA production did increase. The highest prooxidative effect was recorded with 0.1% MeOH extract of G. lucidum, the lowest with the 5% MeOH extract of M. giganteus. Because LP is mostly provoked by the OH
• and all of the fungal extracts caused inhibition of LP, recorded results appear to be contradictory.
Microelement analyses that were performed with the same species that were analyzed for the antioxidative potential showed very high iron content (d. 
Estimation of scavenger activity by DPPH assay
Scavenger activity was determined by the DPPH • test for 0.1% MeOH and CHCl 3 extracts. With 0.1% MeOH, the antioxidant effect was similar in analyzed extracts. The most effective were 0.1% MeOH extracts of G. applanatum and G. lucidum (which neutralised 91.93% and 88.89% DPPH
• , respectively) at a concentration of 17.5 μg/ml. Less effective was the extract of F. velutipes (which neutralised 76.32% DPPH
• at 1500 μg/ml). These relations can be easily discerned from the IC 50 value, e.g., the concentrations at which 50% of the radical form of DPPH
• is neutralised. The value of IC 50 was calculated using the exponentional function of the neutralisation level of DPPH
• and the samples concentration. The strongest antiradical effect was manifested by the species of G. lucidum both for the 0.1% MeOH and 0.1% CHCl 3 extracts (see Table 2 ).
Discussion
The objective of the present study was to examine the antioxidative activity of some autochthonous lignicolous fungal species from northern Serbia using biochemical tests in vitro in order to find some possible new generic sources of antioxidants, such as M. giganteus.
Compounds from the classis of tanins were present in all the analyzed species while saponins were detected in G. applanatum and F. velutipes. Alkaloids and flavonoids were detected only in some of them. Saponins are naturally occuring, surface-active secondary biomolecules that are mainly produced by plants, but also by marine animals and some bacteria. Its biological role is to act as an antimicrobial or anti-insect agent. Some saponins have also been found to have antioxidative or reductive activity [33] . Also, triterpenoid saponins were recorded in Ganoderma atrum species [34] . Usually, polyphenols and carotenoid pigments, being the major nutritional antioxidants in food, attract most of the research in this area. Phenolic compounds can be classified as simple phenols and phenolic acids (e.g., gallic, benzoic, syringic, chlorogenic) and polyphenols (e.g., flavonoids, tannins, stilbenes). Recently, many research studies have prooved the presence of such compounds in medicinal mushrooms, including analyzed species [19, 35] and related these compounds to antioxidative action according to the manifested high correlation coefficient. Tannins are water-soluble polyphenols that are commonly found in higher herbaceous and woody plants that have shown potential antimicrobial, antiparasitic effects and anticancer activity [36] . Besides, flavonoids were reported to have health-beneficial properties, including free radical scavenging or antiinflamatory action [37] . Regarding literature data, we presume that detected compounds could be related to the antioxidative activity manifested in the present study.
Lipid peroxidation (LP) is the process that is induced by free radicals and leads to oxidative deterioration of polyunsaturated lipids. By the inactivation of basic cellular components and by the several toxic byproducts -lipid peroxides -LP can damage other biomolecules, including DNA, by causing both structural and functional changes. Also transition metal ions are known to stimulate the LP [38] . Besides, it has been suggested that oxidative modification of low-density lipoproteins (LDLs) may play a role in the development of atherosclerosis which depends on LP. Malondialdehyde (MDA) is the secondary byproduct, which is released during the LP; decrese in the MDA production symbolizes the inhibition of LP. Hence the fungal extract that act as inhibitors of LP can prevent all destructive effects caused by LP. Aqueous fungal extracts used here had very low or no inhibitory effect on LP, but rather mostly stimulated LP in liposomes. As opposed to aqueous, MeOH extracts manifested the higher LP inhibition levels than CHCl 3 extracts ( Figure 2 ) and had an inhibitory effect higher than that of the synthetic antioxidants BHT (37.04% inhibition level). The most effective were 1.25% MeOH extract of G. applanatum, and 1.25% CHCl 3 extract of G. lucidum. These results were expected in view of the fact that aqueous extracts contain compounds from the groups of polysaccharides, lectins and the others that are known to have lower antioxidant effects. These results favour previously reported data on a very low inhibitory effect of fungi upon the microsomal lipid peroxidation [7] , possibly due to a low lipophylic character of the active compounds of fungi that reduce their capability to penetrate through the cell membrane. However, some authors [39] had reported the antioxidant activity of mushroom extracts with stronger inhibition of LP occuring at high concentrations of extracts in most cases, while the others [19] reported on some lignicolous fungi (Pleurotus) to have a stronger inhibition of LP both in water and methanolic extracts and relatively higher content of phenolics in water than in MeOH extracts. Chloroformic fungal extracts have not been analyzed so far. With regard to obtained data, it seems that we can confirmed the assumption [19] that phenolic composition is very much dependent on location (environmental factors, stress conditions), as well as on strain specific fungal features.
Since MeOH and CHCl 3 extracts were the most effective in LP inhibition in vitro, they might be a potential source of antioxidants in the prevention . Legend: 10% extract (100 mg/ml), 5% extract (50 mg/ml), 2.5% (25 mg/ml), 1.25% extract (12.5 mg/ml), BHT (0.25 mol/dm 3 ).
of atherosclerosis. As phenolic antioxidants were suggested to act as inhibitors of LP by means of free radical scavenging [37] , the phenolic compounds demonstrated on TLC might be devoted to this activity by mean of hydrogen donation to scavenge the peroxyl radicals in a similar way to that observed in the two radical scavenging in vitro assays done in the present study. Scavenging of free radicals has been known as an established phenomenon in inhibition of LP which otherwise can be deleterious to cellular function. Concentration-dependent scavenging activity was observed in all samples, being very high for two Ganoderma species at a concentration of 1 mg/ml (0.1% w/w). In regard to the abilities of MeOH fungal extracts to neutralise DPPH • , the highest antiradical effect was obtained with 0.1% extracts of G. lucidum and G. applanatum. Between these two species, G. lucidum showed the lowest IC 50 value at a concentration of 7.5 μg/ml, which was even lower than that of BHT value, indicating this fungus is an excellent source of antioxidants. G. applanatum showed very similar activity reaching IC 50 at 10.5 μg/ml. It was recorded [40] for Ganoderma to show 67.6% scavenging effects at 0.64mg/ml, and anticipated that scavenging effects would be excellent for higher concentration applied (>0.64 mg/ml). These results are in accordance with our results.
The OH • is the most reactive of the ROS inducing severe damage in adjacent biomolecules. It can cause oxidative damage to DNA, lipids and proteins. The Fenton reaction generates OH
• which degrades deoxyribose of DNA using Fe 2+ salts as an important catalytic component. Oxygen radical may attack DNA either at the sugar or the base, giving rise to a large number of products. The potential of lignicolous extract to neutralise OH-mediated deoxyribose damage was assessed by means of the iron (II)-dependent DNA damage assay [1, 38] . In the present study, the hydroxyl radical-scavenging effect of the fugal extracts was found to be concentration-dependent and pro-oxidative. We assume that dominance of the Fenton reaction over the antiradical reaction was stimulated by the high presence of Fe 2+ ions in fungal sporocarps. These results are in accordance with the literature data for commercial mushrooms [41] that fungi are not good scavengers of OH
• , but point to the importance of more analysis of the content of microelements in fungal samples when the antioxidative potential is analyzed. According to literature [39] , many mushrooms are indicated as poor scavengers for OH
• but it was anticipated that the moderate to high scavenging effects of medicinal mushrooms might be associated with some anticarcinogenic (antimutagenic) properties. Nevertheless, some care should be taken because of the pro-oxidative effect observed with the analyzed extracts on OH
• assay. The obtained results suggest that fungal species might have the significant antioxidant potency if the content of microelements in their sporocarps is not high. Consequently, in every analysis of wild-lignicolous fungal species that possess perennial sporocarps, the concentrations of microelements should be analyzed. Hence their possible application as an easily-accessible source for strong natural antioxidants in the human diet must be thoroughly checked. This applies especially to species of genus Ganoderma. To our knowledge, the antioxidative potential of the species M. giganteus has not been investigated until now, but in our screening results it was proved to contain a great amount of phenolic compounds, a class of substances known to have considerable scavenger activity. Future work on the isolation and structural characterization of the active components is needed. Also the mechanisms for radical scavenging and protection against the lipid peroxidation activity of these components will be the primary objective of further investigations. Moreover, the significant antioxidant activity of F. velutipes (which is poor in phenolic compounds) indicates the presence of other classis of secondary biomolecules as potential natural antioxidants. Identification of these compounds and the complete chemical analysis of fungal extracts will be the goal of our further investigations.
